We present the group-thoretical classification of gap functions in superconductors coexisting with some magnetic order in non-symmorphic magnetic space groups. Based on the weak-coupling BCS theory, we show that UCoGe-type ferromagnetic superconductors must have horizontal line nodes on either kz = 0 or ±π/c plane. Moreover, it is likely that additional Weyl point nodes exist at the axial point. On the other hand, in UPd2Al3-type antiferromagnetic superconductors, gap functions with Ag symmetry possess horizontal line nodes in antiferromagnetic Brillouin zone boundary perpendicular to c-axis. In other words, the conventional fully-gapped s-wave superconductivity is forbidden in this type of antiferromagnetic superconductors, irrelevant to the pairing mechanism, as long as the Fermi surface crosses a zone boundary. UCoGe and UPd2Al3 are candidates for unconventional superconductors possessing hidden symmetry-protected line nodes, peculiar to non-symmorphic magnetic space groups.
In the research field of superconductivity, its coexistence of magnetism is a very interesting topic. Such coexistence between superconductivity and magnetism is often discovered in the U-based heavy-fermion superconductors. For example, UPd 2 Al 3 shows an antiferromagnetic transition at T N = 14K, and then coexists with unconventional superconductivity below T c = 2K [1, 2] . UGe 2 [3] , URhGe [4] , and UCoGe [5] encounter a superconducting transition in the ferromagnetic phase. A rare reentrant superconductivity has been discovered under the magnetic field [6] . Theoretically, in UPd 2 Al 3 , it was discussed that a spin-singlet superconductivity with horizontal line nodes occurs via the virtual exchange of magnetic excitons [7, 8] . In the ferromagnetic superconductors, it has been considered that the Ising-like ferromagnetic fluctuation can lead to a spin-triplet pairing state [9, 10] , and many fascinating phenomena including the odd H − T phase diagram have been studied [11] [12] [13] [14] [15] [16] . However, in spite of the growing interest, the properties characteristic of the coexisting phase is less well understood systematically. In this situation, the group-theoreical classification, which provides definite statements independent of the details of materials, plays an important role.
It is well-known that the superconducting states are classified into the irreducible representations (IRs) under a given point group symmetry [17] [18] [19] . Such classification provides useful information in analyzing the nodal structure of various unconventional superconductors [20] . Also, another development of gap classification based on the space group symmetry [21] [22] [23] [24] gives us the correct way to take into account small representations at Brillouin zone (BZ) boundary in non-symmorphic space groups [25, 26] . T. Micklitz and M. R. Norman [24] demonstrated in the pioneering work that new types of * nomoto.takuya@scphys.kyoto-u.ac.jp symmetry-protected nodes can appear at the BZ boundary. As for the coexisting phase, there is little progress of gap classification considering the ordered moment [2, 28] .
In this Letter, we extend the gap classification into non-symmorphic magnetic space groups [25, 26] . The results can be applied to the analysis of superconductivity in UCoGe or UPd 2 Al 3 . In these compounds, the magnetic ordered phase belongs to the non-symmorphic magnetic (type III or IV Shubnikov) space groups due to the presence of time-reversal symmetry with a point group operation and/or a non-primitive translation. Here, we show the following nontrivial consequences within the weak-coupling BCS theory. The UCoGe-type ferromagnetic superconductors have horizontal line nodes (gap zeros) on either k z = 0 or k z = ±π/c plane. In UPd 2 Al 3 -type antiferromagnetic superconductors, A g gap functions always have line nodes on k z = ±π/c plane (i.e. the magnetic BZ face), in other words, the conventional fullygapped s-wave superconductivity is forbidden. (Needless to say, in both cases, it is necessary that the Fermi surface crosses nodal planes.) Thus, UCoGe and UPd 2 Al 3 are a candidate of unconventional superconductors possessing hidden symmetry-protected line nodes, peculiar to non-symmorphic magnetic space groups.
Set up -First, we focus on a space group G 0 that is given as a coset decomposition G 0 = {E|0}T +{2 z |t z }T + {I|0}T +{σ h |t z }T , where the translation group T defines a Bravais Lattice, and t z = c 2 e c is a non-primitive translation along the c-axis. The notation {p|a} is a conventional Seitz space group symbol with a point-group operation p and a translation a. E denotes an identity operation, 2 z a π-rotation around c-axis, I a spatial-inversion, and σ h a mirror about ab-plane. In this letter, we consider the three types of systems given in Fig. 1 . PP, FP, and AP correspond to paramagnetic, ferromagnetic, and antiferromagnetic phase, respectively. Unless otherwise assigned, the spin-orbit coupling is included in all systems. Note that the space group G of PP is the same as discussed in Ref. [24] . Method -Let γ k be a small representation [29] of a little group K k , which represents the Bloch state with the crystal momentum k. We should note that the (zeromomentum) Cooper pairs have to be formed between the degenerate states present at k and −k within the BCS theory. Therefore, these two states should be connected by some symmetry operations except for an accidentally degenerate case. As a result, the representation of Cooper pair wave functions P k can be constructed from γ k as summarized in Refs. [22] [23] [24] . Here, we do not repeat the details of the prescription, and instead, indicate the practical procedure step by step.
Results -Through the present letter, we only consider the Cooper pairs in the basal plane (k z = 0) and the zone face (k z = ±π/c). In both planes, the little groups K k are given by the following coset decompositions,
To obtain the small representations, it is sufficient to see the (projective) IRs of the corresponding little co-groups K k = K k /T with the appropriate factor systems [25, 26] . We denote them byγ k . Here, we specifies the elements ofK k as the representatives r = {p|a} of the decompositions (1).γ k can be obtained by calculating the IRs for the unitary part ofK k , and then inducing them by an anti-unitary operation [30] . In Table I , we summarize the characters ofγ k for the unitary operations in K k . Now, the corresponding small representations are given by
for t = {E|t}. From Table I , we can see that the IRs of K k in PP and AP become two-dimensional, which reflect the Kramers degeneracy for the anti-unitary operations {θI|0} and {θI|t z }. In the case of AP, since the nonprimitive translation included in {θI|t z } cancels out the phase factor arising from that in {σ h |t z },γ k ({σ h |t z }) in the zone face is the same in the basal plane. This situation is in sharp contrast to the case of PP. Next, we consider the representation of the Cooper 
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pairs P k . In the space group operation d connecting two states of the paired electrons, its rotation/inversion part p d meets p d k = −k modulo a reciprocal lattice vector. In the present cases, {I|0} and {2 z |t z } are the candidates for the operator d in FP, while {θ|0} ({θ|t z }) is also in PP (AP). Regardless of the choice of d, M k = K k + dK k is identical to the space group G. Taking into account the antisymmetry of the Cooper pairs and the degeneracy of the two states, we can regard P k as an antisymmetrized Kronecker square [25] , with zero total momentum, of the induced representation γ k ↑ M k . In the systematic way, this is obtained by using the double coset decomposition and the corresponding MackeyBradley theorem [25, 31, 32] . The obtained results are summarized in Table II . Here,P k is the representation of M k /T to meet P k (g) =P k (r) where g = rt for g ∈ M k , r ∈ M k /T , and t ∈ T . In the case of AP, the character ofP k for {σ h |t z } is equal to zero even in the zone face, different from the case of PP. This comes from the difference ofγ k ({σ h |t z }) in Table I . On the other hand, sincē P k in FP is one-dimensional representation, only one IR is allowed both in the basal plane and the zone face. Finally, we reduce the representationP k into the IRs. In both planes, there are four IRs, A g , B g , A u , and B u since the coset group M k /T is isomorphic to the point group C 2h [33] . The results are summarized in Table III. Note that the gap functions should be zero, which means the appearance of gap nodes, if the corresponding IRs do not exist in the reduction ofP k [21] [22] [23] . The absence of A u in PP corresponds to the emergent horizontal line node of the recently proposed E 2u state in UPt 3 superconductors [24, [34] [35] [36] . On the other hand, in the case of AP, we find that A g does not appear in the zone face, in other words, A g possesses horizontal line nodes in the zone face (i.e. the magnetic BZ boundary). This means that the conventional fully-gapped s-wave superconductivity is forbidden, if the Fermi surfaces cross k z = ±π/c plane. Emergence of line nodes in the zone boundary in antiferromagnetic superconductors was studied based on the microscopic theory in Refs. [37, 38] . This peculiar example can be realized in the superconductivity in UPd 2 Al 3 as discussed below. In the case of FP, only odd-parity pairing is allowed in both planes, due to the absence of Kramers degeneracy. A u is forbidden in the zone face, and B u is forbidden in the basal plane. Therefore, the line nodes always appear, as for as the Fermi surface crosses k z = 0 and k z = ±π/c planes. It should be noted that the emergence of such nodal structure does not depend on the pairing mechanism. These are the main results of this Letter. Note that these results are applicable to not only conventional magnetic-dipole ordered states, but also magnetic multipole ordered states.
Discussion -Now we discuss several U-based materials in non-symmorphic magnetic space groups. First, we focus on the case of AP. The space group G = G 0 + {θ|t z }G 0 corresponds to P b 2 1 /m (the unique axis is chosen to be c-axis). Its typical example is the antiferromagnetic phase of UPd 2 Al 3 , in which the ordering vector is Q = (0, 0, π/c) and the orientations of moments are in the basal plane. Many experimental observations [7, [39] [40] [41] [42] imply the presence of horizontal line nodes at the magnetic BZ boundary perpendicular to the c-axis. Moreover, it has been expected that the gap function belongs to A g IR [8, [43] [44] [45] and the Fermi surfaces cross k z = ±π/c plane [46] [47] [48] [49] . Following our results, the expected horizontal line nodes are symmetry-protected nodes in the non-symmorphic magnetic space groups.
Next, let us consider the case of FP. Its candidates are hotly-debated ferromagnetic superconductors, UCoGe, URhGe and UGe 2 . In the paramagnetic phase, the space group of UCoGe and URhGe is P nma1 , while UGe 2 possesses symmorphic Cmmm1 . In the ferromagnetic phase, the former two belong to FP as shown below, while the latter does not meet the condition. In the former two, since the ordered moments align parallel to c-axis in the ferromagnetic phase, the space group is reduced from P nma1 into P n m a. This group is given explicitly by G = G 0 + {θ2 y |t y }G 0 where G 0 = {E|0}T + {2 z |t n }T + {I|0}T + {σ h |t n }T with t y = Here, a, b, and c are the lattice parameters and 2 y represents the π-rotation around b-axis. At first glance, this seems rather different from that of FP. However, considering a general point in the basal plane and the zone face, we can ignore the anti-unitary part because this is not the element of the little groups. Therefore, the only difference is that the non-primitive translation becomes t n instead of t z . As a result,γ k ({σ h |t z }) in the zone face changes fromγ k ({σ h |t z }) = ±i to ±ie −ikx/2 . We can easily confirm that this change does not affect the final results given in Table II and III. Therefore, any superconductivity in these materials have line nodes in either the basal plane or the zone face, at least, in the weak coupling limit. Now, let us consider the nodal structure of superconductivity in UCoGe in details. Unfortunately, the Fermi surfaces of this compound have not been established in experiments [50] [51] [52] , however, the first-principles calculations show the existence of many complicated Fermi surfaces, some of which cross the k z = 0 and k z = ±π/c planes [50] . Therefore, our results suggest the existence of horizontal line nodes in the coexistent phase of UCoGe. Both power law behaviors of the spin-lattice relaxation rate 1/T 1 ∼ T 3 [53, 54] and the thermal conductivity κ S /κ N ∼ T 2 [55] are consistent with our prediction. Note that in the pressure-temperature phase diagram, the ferromagnetic transition seems to have little affect on the superconductivity [56, 57] . In the absence of magnetism, the straightforward calculation shows that the space group P nma1 leads to the same nodal structure as the case of PP in Table III , by regarding the IRs of D 2h as those of C 2h with the compatibility relation. Therefore, the line nodes in the basal plane of B u IR (B 2u and B 3u IRs of D 2h group) are forbidden in the paramagnetic phase, which is consistent with the Blount's theorem of the triplet superconductors [58] . Therefore, we may expect that the realized gap function belongs to A u IR (A 1u or B 1u in the paramagnetic phase) and has the line nodes at k z = ±π/c plane. As for the A u gap functions in the coexistent phase, there should be an additional point node at k x = k y = 0, which is regarded as Weyl nodes [2] . Thus, the hybrid gap structure of line and point nodes would be realized such as proposed in URu 2 Si 2 [59] and UPt 3 [60] .
Finally, we demonstrate the above-mentioned group theoretical arguments by using a specific model, and discuss the stability of horizontal line nodes on the zone face. We consider a Bogoliubov-de Gennes (BdG) Hamiltonian of an AP (FP) superconductivity with A g (A u ) gap structure as a minimal model of UPd 2 Al 3 (UCoGe) [61] . Fig. 2(a) depicts the band structure along the high-symmetry line (0, 0, π)-(0, π, π) in the AP model of UPd 2 Al 3 , and its inset shows the Fermi surface. Fig. 2(b) is the case of UCoGe. In both Figs. 2(a) and (b), we can find that the superconducting gap remains closed at the Fermi level in the particle-hole symmetric Bogoliubov band (red arrows), while a gap is open at the inter-band crossing point far from the Fermi level (blue arrows). The emergence of gap zero on the zone face is fully consistent with the group theoretical arguments. On the other hand, the group theory does not say anything about the inter-band gap opening, since the above-mentioned arguments are based on the intra-band pairs. As readily understood, if the inter-band gap is sufficiently large, then the symmetry-protected intra-band gap nodes can be lost. In our models, the emergence of gap nodes is controlled by three parameters, ∆, δ M , and δ S , which correspond to respectively the gap amplitude, the strength of the magnetic order and the spin-orbit coupling [61] . δ M and/or δ S lift the band degeneracy on the zone face [62] . Figs On the other hand, for relatively small δ M (δ S ), the gap amplitude sharply changes around the nodes on the zone face, which was also discussed in Ref. [38] . In the limit of δ M (δ S ) = 0, the nodal structure is completely lost. In our model, such k z dependence just comes from the unitary matrix diagonalizing the BdG Hamiltonian. It implies that even the BCS approximation of purely local (on-site) interactions, such as the conventional electron-phonon interactions, can induce the anisotropic gap structure in the non-symmorphic magnetic superconductors. In the realistic situations, the band splittings on the zone face will be sufficiently larger than the gap amplitude. Therefore, it is expected that the present nodal structure can be observed as the usual power-law behavior in thermodynamic and/or transport properties at low temperatures. Consequently, nontrivial symmetry-protected line nodes in the non-symmophic magnetic space groups will be observed in magnetic superconductors UCoGe or UPd 2 Al 3 .
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